The glands in the pseudoscolex of the echinophallid cestode Paraechinophallus japonicus (Bothriocephalidea), a parasite of the bathypelagic fish Psenopsis anomala (Perciformes, Centrolophidae), were studied using scanning and transmission electron microscopy. Two types of glands, with different morphological types of secretory granules and mechanisms for discharging their glandular secretion, were observed. Both types of gland cell bodies are localized in the parenchyma of the pseudoscolex. The syncytial glands of type I are characterized by the production of small (all ∼0.25 µm in diameter), rounded, dense secretory granules which pass though thin projections into the distal tegumental layer of the pseudoscolex. This type of gland has a unique method of discharging its secretory granules, which we call tumulogenesis. The elimination of the secretory products is realized by an encroachment of the basement membrane and underlying tegumental muscles into the surface region of the distal cytoplasm of the tegument, resulting in the formation of a 'glandular stalk' above which develops a superficial glandular tumulus. In the region of the glandular material of the tumulus, the basement membrane of the stalk forms a dilation, and the appearance of a membrane-bound area serves to separate the tumulus from the distal cytoplasm of the tegument. Unicellular glands of type II are characterized by large granules (0.4-0.9 µm in diameter), the presence of peripheral microtubules in the terminal region of their ducts and an eccrine mechanism for the discharge of their secretory granules. A comparative analysis of the distribution and morphology of the types of scolex glands among members of the different families of the 'Pseudophyllidea' (currently believed to represent two distinct orders, Bothriocephalidea and Diphyllobothriidea) is presented.
Introduction
The scolex of tapeworms plays a crucial role in their attachment within the intestinal lumen of the definitive hosts. In addition to specialized structures, such as bothria, bothridia, suckers, tentacles, hooks, etc., attachment may be facilitated by secretory products of the scolex glands (see review by Whittington and Cribb 2001) . Moreover, there are suggestions that scolex gland secretion may also assist in protecting the worms from the host's immune response Mikryakov 1988, Davydov and Poddubnaya 1988) . In the case of cestodes previously placed within the order Pseudophyllidea, i.e. groups now recognized as the Bothriocephalidea and Diphyllobothriidea (see Brabec et al. 2006) , the presence of different types of scolex glands in adult tapeworms has been indicated (Kwa 1972; Öhman-James 1973; Andersen 1975 Andersen , 1979 Arme and Threadgold 1976; Boyce 1976; Tedesco and Coggins 1980; Gustaffson and Vaihela 1981; Kuperman and Davydov 1982; Granath et al. 1983; Davydov and Mikryakov 1988; Kuperman 1988; Diaz-Castaneda et al. 1995; Žd'árská and Nebesáøová 1997; Whittington and Cribb 2001) .
Mechanisms for the discharge of secretory products in different types of glands have been referred to as apocrine, eccrine and microapocrine (see references above). In addition, glandular protuberances above a wide extension of the basal lamina have been identified as a surface organ, the 'tumulus', on the scolex of some adult pseudophyllideans (Boyce 1976 , Tedesco and Coggins 1980 , Granath et al. 1983 , DiazCastaneda et al. 1995 . In the present study, data on the ultra- GER (ger) and dense rounded granules (sg) dispersed throughout the cytoplasm. Scale bar = 2 µm. B. A glandular process (gp) filled with secretory granules (sg) beneath the distal cytoplasm (dc) and in contact with the tegumental basement membrane (bm). Scale bar = 1 µm. C. A concentration of secretory granules (sg) in the distal cytoplasm (dc) isolated by an invagination of the basement membrane (bm) with its lateral dilation (dl). Note muscle fibrils (ml) within the invagination. Scale bar = 1 µm. D. The stage of the separation of the tumulus (t) with secretory granules (sg) surrounded by a distal dilation (dl) of the basement membrane (bm) which forms the glandular stalk. Note the underlying muscle fibrils (ml) in the glandular stalk. Scale bar = 1 µm. E. Extension of a membrane-bound area (a) between the tumulus (t), with secretory granules (sg), and the distal cytoplasm (dc) appears above the dilation (dl) of the basement membrane. Scale bar = 2 µm. F. Deep dilation (dl) of the basement membrane (bm) separates the tumulus, with secretory granules (sg), from most of the distal cytoplasm. Note the isolated membrane-bound areas (a) between the glandular and distal cytoplasm. Scale bar = 1 µm. G. A tumulus (dt) detached from the distal cytoplasm (dc) of the tegument. Scale bar = 2 µm Stanis³a Fig. 2 . The type I pseudoscolex glands of Paraechinophallus japonicus: A. A SEM overview of the pseudoscolex (ps) and the first proglottid (p), showing the distribution of the glandular stalks (s) forming the terminal regions of the type I glands. Scale bar = 20 µm. B. Part of the pseudoscolex surface, where the distal tegumental cytoplasm has been lost, showing the glandular stalks (s) with a distinct subapical dilation (dl). Scale bar = 2 µm. C. A tumulus (t) beneath which is a glandular stalk formed from a deep encroachment of the basement membrane (bm), with a surrounding lateral dilation (dl) and muscle fibrils (ml) within. This TEM micrograph shows the distinct morphological division between the distal cytoplasm (dc) of the tegument and the glandular cytoplasm of the tumulus. Scale bar = 1 µm. D. A TEM micrograph of the surface, with the distal cytoplasm of the tegument lost, showing the glandular stalk enveloped by the basement membrane (bm), with a lateral apical dilation (dl) and containing muscle fibrils (ml) and small fragment of glandular process with secretory granule (sg). Scale bar = 1 µm (Yamaguti, 1934) , a member of the Echinophallidae, were acquired using transmission (TEM) and scanning electron microscopy (SEM). Adults of P. japonicus lack a true scolex and form a trapezoidal pseudoscolex (Protasova 1977 , Bray et al. 1994 ).
Materials and methods
Adult tapeworms identified as Paraechinophallus japonicus were obtained from the intestine of the bathypelagic fish Psenopsis anomala (Perciformes, Centrolophidae) collected in the fish market at Xiamen, Formosa Strait, China. The worms were fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 30 days at 5°C, rinsed for 20 min 4 times in the same buffer and postfixed in 1% osmium tetroxide for 1 h. The material was then dehydrated in a graded series of alcohol and acetone, and embedded in Araldite and Epon. Ultrathin sections were stained with uranyl acetate and lead citrate and examined using JEM 100C, 1010 and 1011 transmission electron microscopes operating at 80 kV. For scanning electron microscopical observations, fixed tapeworms were dehydrated in a graded ethanol series with a final change in absolute ethanol, and then critical-point-dried with liquid CO 2 . The specimens were mounted on the stubs, sputter-coated with gold-palladium and examined using a LEO-1420 scanning electron microscope operating at 15 kV.
Results
TEM revealed two types of glands (referred to here as types I and II) in the pseudoscolex of Paraechinophallus japonicus. The gland cell bodies of both types of glands are localized in the parenchyma of the pseudoscolex. They are distinguished by the production of different morphological types of secretory granules in their cytoplasm and the use of different mech- Note the glandular tumulus (t) with spherical, electron-dense granules (sg) surrounded proximally by the membrane-bound area (a) and a dilation (dl) of the basement membrane (bl) of the stalk, separating the glandular and distal cytoplasm (dc). Groups of muscle fibrils (ml) are apparent on both sides of a thin glandular process (gp) deep within the encroachment of the basement membrane anisms for the transport and release of their secretions through the distal cytoplasm of the pseudoscolex tegument to the environment.
Type I glands (Figs 1, 2 and 4)
The cell bodies of type I glands are elongate (∼13 µm in length and up to 5 µm wide) and irregular in shape (Fig. 1A) . A well-developed granular endoplasmic reticulum is dispersed throughout the perinuclear cytoplasm, and spherical, ∼0.25 µm in diameter electron-dense secretory granules are observed in the cytoplasm of the gland cell body (Fig. 1A) . These cell bodies form elongate, narrow processes within which secretory granules can be seen (Figs 1B; 4) . Slender glandular processes containing secretory granules make contact with the basal lamina of the distal cytoplasm (Fig. 1B) and make their way into the distal cytoplasm. Under this concentration of glandular material, the basement membrane of the tegument forms an invagination, which extends into the distal cytoplasm and dilates beneath the glandular material surrounding its base (Fig. 1C, D) . Muscle fibrils and a residuary portion of the secretory process are localized within the invagination of the basement membrane (Figs 1C, D; 2C, D; 4) . The concentration of glandular material is thrust towards the surface of the tegument by an increasingly deeper invagination of the base- This terminal part of the type I glands, called the 'tumulus', is localized in the surface region of the distal cytoplasm of the tegument and is characterized by the presence of uniform-sized (∼0.25 µm in diameter), electron-dense granules in its glandular cytoplasm (Figs 1D, E; 2C; 4) . The tumulus is surmounted on the glandular stalk and enveloped by a lateral dilation of the stalk. Close to the surface, a membrane-bound area appears between the tumulus and the lateral stalk dilation, separating the glandular material from the distal cytoplasm of the tegument (Figs 1D-F; 4) ; as a consequence of the fusion of this membrane-bound area and the outer membrane of the tegument, the glandular tumuli are detached and the secretion is released onto the surface of the pseudoscolex (Fig. 1G ).
SEM micrographs, in which the distal cytoplasmic layer of the tegument has been lost (a usual fixation artifact in some cestodes), revealed the basement membrane. These clearly show the shape of the glandular stalks of the terminal ends of the type I glands ( Fig. 2A, B) with the distinct subapical dilation (Fig. 2B) , which give the stalks a distinctly phallic appearance. The glandular stalks form a dense covering on the surface of the pseudoscolex, especially on its dorsal and ventral aspects and along the posterior margin ( Fig. 2A) . Similarly, a TEM micrograph (Fig. 2D ) of a glandular stalk with the distal cytoplasmic layer detached shows its surrounding basement membrane and subapical dilation. A narrow glandular process and muscles can be seen within the stalk (Fig.  2D ).
Type II glands (Figs 3 and 5)
The second type of gland cell was also observed associated with the pseudoscolex. Their cell bodies measure approximately 8 µm long and 6 µm wide. The perinuclear cytoplasm contains electron-dense granules at various stages of development (Fig. 3A) . In the parenchyma these gland cells have numerous extensions that are filled with large secretory granules measuring 0.4-0.9 µm in size that are usually irregular in outline (Fig. 3C) . These extensions, which lead to the tegument, are lined with microtubules and serve as ducts (Fig. 3B,  D) . The secretory granules are transferred via these ducts to the body surface ( Figs 3B; 5) . The ducts are linked to the distal cytoplasm by means of septate desmosomes at their distal end (Figs 3E; 5) . Adjacent to these desmosomes, there is an electron-dense collar in the cytoplasm of the duct (Figs 3E; 5) . The ducts open onto the surface of the pseudoscolex, discharging their secretory products directly to the environment by disruption of the terminal duct plasmalemma (Figs 3B; 5) .
Discussion
The present data indicate that there are two types of gland cells in the pseudoscolex of the bothriocephalidean cestode Paraechinophallus japonicus. They produce different morphological types of secretory products and have different mechanisms for discharging their glandular secretion.
Type I pseudoscolex glands are characterized by possessing uniformly small (∼0.25 µm in diameter), spherical, electron-dense granules and a unique mechanism for the discharge of secretory products from the body. The present TEM observations demonstrate that there are no tegumental cytoplasmic inclusions within the discharged tumulus and that only glandular tissue components are present. The method described above for the discharge of secretory products is hereby called 'tumulogenesis'. Tumuli with secretory granules on the scolex surface of adult tapeworms were first mentioned by Boyce (1976) in Eubothrium salvelini, Clestobothrium crassiceps and Bothriocephalus scorpii (all taxa belonging to the bothriocephalidean clade of the Pseudophyllidea -see Brabec et al. 2006) . Subsequently, tumuli have also been observed in B. acheilognathi by Granath et al. (1983) and Diaz-Castaneda et al. (1995) . TEM photomicrographs in these studies have demonstrated tumuli with small, spherical secretory granules and an underlying deep indentation of the basement membrane. Our investigation shows the logical stages in the discharge of such secretory products not previously considered in tapeworms with this type of secretion.
It should be emphasized that the present SEM and TEM investigations of the pseudoscolex surface show clearly that the distal region of this gland-type is a glandular stalk formed by invagination of the basement membrane of the tegument. Next, the glandular tumulus at the distal extremity of the stalk is surrounded by a dilation of the basement membrane. After which, the appearance of a membrane-bound area separates the tumulus from the distal cytoplasm of the tegument. The movement of the glandular material at the distal extremity of this invagination (stalk) towards the surface of the tegument is probably aided by the contraction of the muscle fibrils present within the stalk. The involvement of the basement membrane, along with underlying muscles, in the formation of hard parts of cytological structures has previously been suggested for the formation of the cirrus spines of some turbellarian species by Martens (1984) , where the spines are protuberances of the underlying basement membrane, the spine core of which is formed by the sarcoplasm. Furthermore, Gevaerts et al. (1995) have shown that the bursal valve and the walls of the bursal and insemination canals in a symbiotic turbellarian species are basement membrane derivatives.
We can assume that tumuli are more than just simple surface glandular projections, as noted for the classical apocrine secretion mechanism in caryophyllidean tapeworms (Richards and Arme1981, Poddubnaya 1988, Poddubnaya et al. 2003) . The apocrine mechanism is recognized by: (1) a fusion of secretory processes within the distal cytoplasm (such as the projections of the tegumental cytons); (2) an interfusion of secretory granules with distal cytoplasmic organoids; and (3) an elimination of secretory granules together with part of the tegumental cytoplasm from the tegumental surface. Glands with such an apocrine (i.e. microapocrine) mechanism for the release of secretory products have been suggested by Richards and Arme (1981) , Davydov and Mikryakov (1988) , Davydov and Poddubnaya (1988) and Kuperman (1988) as being modified tegumentary cell types. The 'tumulogenesis' revealed in this study is distinguished from such apocrine secretion by an extrusion of the glandular cytoplasm towards the tegumental surface via deep invaginations of the basement membrane aided by muscles, followed by a full separation of the glandular and distal cytoplasm during the course of the elimination of the secretory products.
Despite discrepancies in descriptions of the mechanisms for the release of secretory granules in individual pseudophyllidean species, it seems that the glands with small, uniform, spherical, dense secretory granules (∼0.2-0.35 µm in diameter), i.e. those corresponding to the type I glands of P. japonicus, have already been reported in bothriocephalidean cestodes of the genera Bothriocephalus (family Bothriocephalidae), Eubothrium and Triaenophorus (family Triaenophoridae) by Kuperman and Davydov (1982) , Davydov and Mikryakov (1988) and Žd'árská and Nebesáøová (1997) . Obviously, glands with the same secretory products have been found in tapeworms, the scoleces of which are well-developed and may possess deep bothria and an apical disc, such as species of Eubothrium, Triaenophorus and Bothriocephalus. It should be pointed out, however, that the distribution of these glands varies in different species of these genera (Davydov and Mikryakov 1988) . According to Kuperman and Davydov (1982) and Davydov and Mikryakov (1988) , the gland cells in B. acheilognathi (= B. gowkongensis) and B. scorpii are very numerous, being many times greater in number than in T. nodulosus and E. rugosum. The terminal parts of the type I glands of P. japonicus with the same type of secretory granules are densely distributed over the entire surface of the pseudoscolex. It is worth mentioning that this type of secretory granules has been reported in phylogenetically unrelated genera -while P. japonicus and the species of Bothriocephalus belong to the most derived clade of the Bothriocephalidea, Eubothrium and Triaenophorus are very distantly related (see fig. 1 in Brabec et al. 2006) . Although the present study of the pseudoscolex glands of P. japonicus cannot provide information at the functional level, histochemical, experimental and ultrastructural methods have been used for investigations of the scolex glands (our type I) in the adult pseudophyllideans T. nodulosus, B. acheilognathi and E. rugosum by Davydov and Mikryakov (1988) . Histochemistry of the secretion from the scolex of the aforementioned species has shown it to be mainly protein, and Davydov and Mikryakov (1988) have suggested that it is of immunological significance and may assist in protecting these cestodes from the immune responses of the definitive host.
Type II glands in the pseudoscolex of P. japonicus are similar to those observed in adults of the bothriocephalidean cestodes B. acheilognathi, B. claviceps and Eubothrium crassum (Arme and Threadgold 1976 , Diaz-Castaneda et al. 1995 , Žd'árská and Nebesáøová 1997 . However, these scolex glands are also present in adults of the genera Diphyllobothrium, Ligula, Schistocephalus and Spirometra (Kwa 1972 , Öhman-James 1973 , Andersen 1975 , Gustaffson and Vaihela 1981 , Kuperman and Davydov 1982 , i.e. members of the other clade, the Diphyllobothriidea, which have previously been included together with Bothriocephalidea within the Pseudophyllidea. This type of gland in P. japonicus is characterized by large secretory granules, which are two or three times larger than those in the type I glands. The walls of the terminal processes of these glandular cells are strengthened by peripheral microtubules which appear to serve as ducts. The ducts passing through the tegument are connected to the distal cytoplasm of the tegument by desmosomal junctions at their distal extremity and open via a simple pore situated directly on the surface of the pseudoscolex (i.e. this is an eccrine mechanism). All these characteristics are similar to those typical for the scolex glands of different larval stages and adults of the Cestoda (Lethbridge and Gijsberrs 1974 , Coggins 1980 , Kuperman and Davydov 1981 , Rohde and George 1983 , MacKinnon and Burt 1985 , Kuperman 1988 , McCullough and Fairweather 1989 , Xylander 1990 , Moczoñ 1996 , Bruòanská et al. 2000 , Whittington and Cribb 2001 , Poddubnaya et al. 2003 , OEwiderski and Tkach 2002 , OEwiderski and Mackiewicz 2004 , OEwiderski et al. 2007 . Specialized unicellular glands in metacestodes and juvenile tapeworms have also been considered as penetration glands, with an important role in both penetration and migration (for review see Whittington and Cribb 2001) . It is generally accepted that there is a decrease in the secretory activity of type II glands between the metacestodes and adult stages of a number of tapeworms (Kuperman and Davydov 1982 , Farooqi 1986 , Kuperman 1988 , McCullough and Fairweather 1989 , Bruòanská et al. 2000 , Whittington and Cribb 2001 . This supports the idea of a highly-developed scolex in adult worms, which is absent in immature specimens. In P. japonicus, with a pseudoscolex lacking specialized attachment organs, the development of this type of gland may be associated with their adhesive role in the attachment of the worm to the intestinal wall of the definitive host.
The comparison of two types of frontal glands in the pseudoscolex of P. japonicus with those of other bothriocephalidean members indicates common traits. Future ultrastructural investigations of the scolex glands of a great number of bothriocephalideans are needed to determine whether the presence of these two types of scolex gland is a trait of the order Bothriocephalidea or whether the presence of glands (type I) with tumulogenesis for the discharge of their secretory products is a trait of the pseudoscolex of P. japonicus.
